A genomic library of Mycoplasma pneumoniae was generated by using bacteriophage lambda EMBL3 as the vector. Screening of the library for the expression of M. pneumoniae protein antigens with adsorbed anti-M. pneumoniae serum revealed strong reactivity from a third of those clones which contained mycoplasma DNA inserts. Three of the most highly reactive clones were analyzed in detail and found to synthesize discrete mycoplasma proteins. Two Mycoplasma pneumoniae is a procaryote which causes primary atypical pneumonia in humans. Tissue colonization and subsequent disease production require cytadherence of the organism to respiratory epithelial cells (9, 12, 14) . A trypsin-sensitive surface protein designated P1 is likely to be the major adhesin of M. pneumoniae (7). The proper positioning of P1 in the mycoplasma membrane appears to be a precisely regulated process. This protein is sparsely distributed over the entire surface of avirulent hemadsorptionnegative mycoplasmas (1) which also typically lack several other membrane proteins (5, 9), while P1 molecules are densely clustered at the tip of virulent hemadsorption positive mnycoplasmas (1).
Mycoplasma pneumoniae is a procaryote which causes primary atypical pneumonia in humans. Tissue colonization and subsequent disease production require cytadherence of the organism to respiratory epithelial cells (9, 12, 14) . A trypsin-sensitive surface protein designated P1 is likely to be the major adhesin of M. pneumoniae (7) . The proper positioning of P1 in the mycoplasma membrane appears to be a precisely regulated process. This protein is sparsely distributed over the entire surface of avirulent hemadsorptionnegative mycoplasmas (1) which also typically lack several other membrane proteins (5, 9) , while P1 molecules are densely clustered at the tip of virulent hemadsorption positive mnycoplasmas (1) .
The mechanism(s) by which P1 and other proteins are oriented in the mycoplasma membrane, as well as the role of these other proteins in cytadherence, is not known. We chose to investigate these questions by isolating the structural genes for mycoplasma surface proteins. These cloned DNAs could then be used to determine the primary structure of the proteins, their genetic organization, and the factors influencing their expression. In this report we describe the cloning of M. pneumoniae DNA fragments into a bacteriophage lambda vector (EMBL3) (4) and the subsequent generation in Escherichia coli of proteins which are immunologically reactive with antiserum raised against whole M. pneumoniae organisms. In addition, we isolated a clone that is likely to carry the coding sequence for the presumptive major mycoplasma adhesin, protein P1.
MATERIALS AND METHODS
Organisms and growth conditions. M. pneumoniae M129-B16 cultures were grown at 37°C in 32-oz (about 946-ml) bottles containing 70 ml of Hayflick medium. After 72 h, glass-attached mycoplasmas were washed three times with phosphate-buffered saline (PBS; 137 mM NaCl, 2.7 mM KC1, 4 .6 mM Na2PO4, 1.5 mM KH2PO4) before they were scraped into PBS and pelleted at 10 ,000 x g for 20 min at 40C. The pellets were stored at -700C until they were needed * Corresponding author. either for DNA extractions or as an antigen source for Western blots.
E. coli LE392 (13) (F-hsdR5J4 supE44 supF58 lacY galK2 galT22 metB trpRSS and A-) and NM539 (4) (supF hsdR [P2 cox]) were grown in L broth (13) .
Antiserum. Production of hyperimmune rabbit sera directed against whole M. pneumoniae organisms and M. pneumoniae P1 protein has been described previously (8) . Rabbit anti-M. pneumoniae, anti-Pl, and preimmune sera were extensively adsorbed with E. coli LE392 (intact cells and lysates) before they were used in immunological screening of the clone bank. Test sera were incubated at 4°C overnight with intact E. coli LE392 at a concentration of 7.5 x 1011 E. coli cells per 1 ml of serum. Aggregates were pelleted at 10,000 x g for 20 min at 4°C. Adsorbed sera were then incubated as described above with a lysate from 7.5 x 1011 E. coli cells per 1 ml of serum and centrifuged at 40,000
x g for 60 min at 4°C to remove aggregated antibody and cellular debris. E. coli LE392 lysates were prepared by passing cells washed and suspended in PBS containing 1 An equal volume of 1.5% BSA-1.5% gelatin in TBS was added, producing a final serum dilution of 1:100. Blots were incubated with the diluted serum preparation overnight at room temperature with shaking, followed by three 10-min washes with TBS. Horseradish peroxidase-conjugated goat anti-rabbit immunoglobulin G (IgG) diluted 1:2,000 in TBS containing 0.75% BSA-0.75% gelatin was added to the blots and incubated with shaking for 3 to 4 h at room temperature. Blots were washed three times for 10-min periods with TBS prior to substrate development (6) .
DNA analysis of recombinant clones. The recombinant phage DNA was isolated by a rapid, small-scale plate lysate method (13) . The DNA was digested with Sall restriction endonuclease prior to electrophoresis on a 0.5% agarose mini-gel.
Electrophoretic and blotting analysis of clones. Proteins were harvested from plate lysates by scraping soft agarose overlays from the plates, passing them through a 22-g needle into a Corex tube, and eluting with 4 ml of SM buffer (13) for 2 h at 4°C. The agarose was pelleted by centrifugation at 10,000 x g for 15 min at 4°C prior to trichloroacetic acid precipitation of the supernatant by the addition of cold trichloroacetic acid, for a final concentration of 10%. Samples were incubated at4°C overnight prior to centrifugation at 10,000 x g for 20 min at 4°C. Supernatants were discarded; and pellets were washed twice with 1 ml of PBS, suspended in 200 p,l of SP buffer, and neutralized with 1 ,ul of 5 N NaOH. Samples were boiled for 5 min, and solubilized proteins were electrophoresed and transferred to nitrocellulose. Blots were processed by the immunoblot technique, using as the primary antibodies rabbit anti-M. pneumoniae, anti-Pl, or preimmune adsorbed sera at 1:100 in 0.75% BSA-0.75% gelatin.
Selective antibody adsorption with phage lysates. Proteins from plate lysates of individual clones were transferred to nitrocellulose disks and used to selectively adsorb antibodies generated against M. pneumoniae proteins. Preblocked blots were incubated with primary antibody reagents, as described above for the immunoblot procedure, and washed three times with TBS to remove nonspecifically bound antibodies. Selectively bound antibodies were eluted from the blots by incubation for 6 to 8 h at room temperature in 8 ml of elution buffer (200 mM glycine, 200 mM NaCl, 0.1% BSA, [pH 2.8]).
The enriched antibody solution was dialyzed for 6 to 8 h in 50 mM citric acid-50 mM Na2HPO4 (pH 5.5) and for 12 to 16 h in two changes of PBS. An equal volume of 1% gelatin was added to the antibody preparation prior to its use as the primary antibody in the immunoblot technique (3, 10) .
RESULTS
Construction of a genomic library. A genomic library of recombinant E. coli clones expressing M. pneumoniae proteins was prepared by ligating Sau3A-generated M. pneumoniae DNA fragments to EMBL3 DNA which had been digested with both BamHI and EcoRI to decrease the possibility of reforming the original vector (4). Packaging of the recombinant EMBL3-M. pneumoniae DNA yielded 2 x 105 PFU/2 ,ug of DNA when plated on the E. coli P2 lysogenic strain NM539. Amplification of the library on this host generates clones enriched for those containing foreign DNA inserts (4) . On screening the library with preadsorbed anti-M. pneumoniae serum, 33% of the clones containing M. pneumoniae DNA inserts produced proteins which were immunologically reactive. Reactivity among specific clones ranged from very intense color reactions to very light spots or no reaction at all (Fig. 1A) . Several of the positive clones were picked from the prescreened plate and spotted in duplicate onto fresh E. coli lawns. Plaques were again screened with preadsorbed anti-M. pneumoniae serum. Reactivity among positive duplicate plaques was equally intense, while the negative plaques reacted very weakly or not at all (Fig. 1B) . Preimmune adsorbed rabbit serum was nonreactive with the genomic library.
Electrophoretic analysis of immunologically reactive proteins. To further characterize the M. pneumoniae proteinproducing clones, plate lysates were prepared from three of the highly reactive clones and processed for SDSpolyacrylamide gel electrophoresis. No differences were observed between the protein profiles of recombinant bacteriophage lysates and that obtained from a EMBL3 with one of them (clone 28) coding for the synthesis of an additional protein of 123 kDa (Fig. 2, lanes A and C) . A third clone (clone 27) generated proteins of 67.5 and 26 kDa (Fig.  2, lane B) . None of the proteins from a control EMBL3 lysate reacted with the antibody (Fig. 2D) . In Fig. 2E is displayed the pattern of immunologically reactive proteins of M. pneumoniae, which is similar to total M. pneumoniae protein profiles (1, 8) . Thus, distinct mycoplasma proteins are being synthesized in E. coli infected with the recombinant phage DNAs.
A B C D E
Analysis of cloned M. pneumoniae DNA inserts. DNA analysis of the recombinants was performed to examine the size and possible relatedness of the cloned inserts. Because the BamHI site used as the cloning site lies 6 bases inside of the SalI sites on EMBL3 (4), the recombinant DNA preparations were digested with Sall endonuclease. This digestion resulted in the cleavage of the EMBL3 phage arms away from the complete M. pneumoniae DNA insert containing 6 additional bases on either end. In Fig. 3 is shown restricted DNA from the clones which synthesized the protein detected in Fig. 2 electrophoresed on a 0.5% agarose gel. Lanes A, B, and C in Fig. 3 in addition to the EMBL3 phage arms (19.4 and 9.2 kbp). The DNA insert from lane B (Fig. 3) contains an internal Sall site producing two bands (4 and 8.2 kbp) on Sall digestion. The analysis of the proteins generated from these clones revealed a protein with a common molecular mass (29.3 kDa) coming from clones 12 and 28. To investigate the possibility that the 12-kbp fragment cloned in clone 12 could be a component of the 17-kbp fragment of clone 28, we digested both cloned DNAs with an additional restriction endonuclease (HindIII) and discovered that each clone contained DNA fragments of common mobility when electrophoresed through agarose gels (data not shown). We verified that the insert in clone 12 was indeed a part of the insert in clone 28 by radioactively labeling the 12-kbp mycoplasma DNA insert of clone 12 and hybridizing it to SalI restriction endonuclease-generated DNA fragments from clones 12 and 28 that had been electrophoretically separated on agarose gels and transferred to nitrocellulose. The radioactively labeled probe specifically hybridized to both mycoplasma DNA inserts. We conclude that clones 12 and 28 represent independent isolates of a common region of the mycoplasma chromosome.
Screening recombinants with anti-Pl polyclonal serum. Because recombinant clones were capable of synthesizing immunologically reactive M. pneumoniae proteins in E. coli, we screened the library with adsorbed anti-Pl polyclonal serum in the hope of identifying the structural gene for this primary mycoplasma adhesin. Among 2,500 to 3,000 plaques, one plaque (clone 58) produced a reaction with the anti-Pi serum (data not shown). The plaque was spotted in duplicate on a fresh E. coli lawn and screened as described above. The duplicate plaques reacted with equal intensity to the anti-Pl serum. Proteins synthesized by E. coli following infection with this recombinant phage clone were analyzed further to determine the molecular weight of the protein(s) reactive with antisera raised against whole M. pneumoniae and protein P1.
Plate lysates of clone 58 were harvested, and proteins were electrophoresed on a 7.5% polyacrylamide gel and blotted onto nitrocellulose paper prior to immunological screening with adsorbed serum directed against P1. One major band was observed which corresponded to a protein, P1*, with an apparent molecular mass of 140 kDa (Fig. 4) .
Authentic P1 migrates in this gel system with an apparent molecular weight of 165 kDa. Thus, this cloned DNA is likely to either be directing the synthesis of a protein with P1-like antigenicity but an altered mobility during SDSpolyacrylamide gel electrophoresis or a protein that reacts with a contaminating activity in our polyclonal sera. To distinguish between these possibilities, proteins synthesized by E. coli infected with clone 58 were used to adsorb immunoglobulin populations that reacted with them from the anti-Pl sera. The selectively bound antibodies were used as probes in an immunoblot against total M. pneumoniae proteins. Antibodies enriched by clone 58 bound to a protein band that comigrated with P1, while no anti-Pl antibodies were adsorbed by wild-type EMBL-3 phage (Fig. 5) . In addition, large-scale phage lysates of clone 58 were prepared, and detergent-solubilized proteins were electrophoretically separated and used to adsorb immunoglobulin preparations as described above. Protein P1* (140 kDa) was cut from the nitrocellulose, and bound antibodies were eluted from the P1* strips for immunoblotting against total M. pneumoniae proteins. Aside from the clone that may carry the structural gene for P1, we identified clones that code for other mycoplasma proteins. The finding that two of three clones, picked on the basis of the fact that they reacted strongly with antisera against whole myoplasmas, had common insert sequences suggests that our screening technique identifies the structural genes for major immunogenic proteins. We are currently subcloning the DNA fragments derived from our primary clones to localize the coding sequences for P1 and other mycoplasma proteins on the DNAs. These DNAs should be useful in analyzing the properties of P1 and accessory proteins as they relate to the phenomenon of mycoplasma cytadherence.
